Laser-supported Detonation (LSD), which is one type of Laser-supported Plasma (LSP), is an important phenomenon because it can generate high pressures and temperatures for laser absorption. In this study, using thermal-non-equilibrium model, we numerically simulate LSPs, which are categorized as either LSDs or laser-supported combustion-waves (LSCs). For the analysis model, a two-temperature (heavy particle and electron-temperature) model has been used because the electronic mode excites first in laser absorption and a thermal non-equilibrium state easily arises. In the numerical analysis of the LSDs, laser absorption models are particularly important. Therefore, a multi-charged ionization model is considered to evaluate precisely the propagation and the structure transition of the LSD waves in the proximity of the LSC-LSD threshold. In the new model, the transition of the LSD construction near the threshold, which is indicated by the ionization delay length, becomes more practical. 
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Introduction
A laser propulsion system is one of the most promising next generation space propulsion systems. Laser-supported plasma (LSP) is essential for this system, because the laser energy is mainly absorbed by hot plasma and then converted to the kinetic energy that is necessary for propulsion. In this study,
we investigate the use of laser-supported detonation (LSD), a type of laser-supported plasma (LSP), in a repetitively pulsed (RP) type laser propulsion system. LSD is also categorized as a type of hypersonic reacting flow, where exothermicity is supplied by laser absorption and not by chemical reaction. Raizer 1) examined the energy balance of the LSD and reported that the LSD terminates when the ratio of the laser thickness to diameter of the laser-beam cross-section exceeds a certain threshold. With the decrease in irradiative laser beam due to LSD expansion, the detonation can be weaker and finally transform to a laser-supported Combustion (LSC) wave, in which the laser absorption zone detaches from the shock front. In the case of an LSC, the shock front propagates almost adiabatically, because the heat transfer from the laser absorption zone becomes much weaker. Therefore the transition from LSD to LSC is a very important in laser propulsion systems.
To simulate the LSD propagation, one-dimensional (1-D) steady and unsteady analyses 2) were performed at first, using a CO 2 gas-dynamic laser into argon gas, where the most important laser absorption mechanism for the LSD propagation is Inverse Bremsstrahlung. That is, the laser energy is transformed into free electron kinetic energy by photon absorption during the collisions of electrons with ions or neutral particles, which is redistributed among heavy particles through collisions. As a numerical method, the total variation diminishing (TVD) scheme is applied and real gas effects are taken into account. Although quasi -1-D analyses 3) were also performed, for realistic cases an axisymmetric 2-D model 4) should be used.
As a practical example, Wang et al. 5) simulated an LSD propagating in the inner geometry of a laser propulsion system. Although some simulations for laser propulsion have been undertaken, to the best knowledge of the author, none of these simulation uses a multi-charged model. The objective of this paper is to study the structure transition near the LSC-LSD threshold, by applying a multi-charged model to the physical-fluid dynamics scheme that has been constructed for simulating unsteady and non-equilibrium LSD waves propagating through an inert gas.
Numerical Model and Assumptions

Analysis model
Figure1 shows the analysis model for the 1-D study. The CO 2 gas-dynamic laser beam ( λ = 10.6 μm) passes from the right to the left, and the LSD wave propagates through hydrogen gas at room temperature (T 0 = 300K). To simulate the LSP, a hot spot in which hot electrons are seeded, is set up to imitate the initial plasma. This hot spot model imitates the hot electrons, which are generated on a metal target by dielectric breakdown in an experiment 6) . In this study, the hot spot is placed at the center at x = 2 mm. The hot electron-temperature is 15,000 K and the size of the hot spot is 2 mm (200 points × 0.01 mm). Only 1% seeding rate is applied because the number of seeded electrons has little effect on the LSD propagation results. 
Assumptions
The assumptions for this analysis are based on a previous model 4) . They are: (1) The propellant gas is always electrically neutral. (2) Chemical reaction and laser absorption are included.
The chemical reactions considered in this model are represented as follows:
, The electron-temperature related to the electron-electronic excitation mode is separated from the heavy particle-temperature related to the other modes. (4) Transportation properties are also considered.
With respect to the effective diffusion coefficient, the ambipolar diffusion is also included.
Governing equations
1-D Navier-Stokes equations are converted into the finite-difference equations, using the TVD scheme, where the radiative energy transfer terms Q IB , Q B , and Q EE are treated implicitly.
The governing equations are:
where In
In this analysis model, relaxation terms between the heavy particle mode and the electrical modes should be developed in relation to the thermal non-equilibrium model for hypersonic flows 7) . Therefore, Q T is defined by the following equation: (4) When considering real gases, the specific heat C p and enthalpy h become functions of the temperature, which are calculated from the thermodynamic coefficients given by Gnoffo et al. 7) and Matsuzaki 8) .
The radiative energy transfer term Q IB that originates from Inverse Bremsstrahlung is expressed as follows: (5) where K ea , and K ei are given by Kemp et al. 9) and Johnston et al. 10) , respectively. They are functions of the number density, electron-temperature and wavelength of the laser beam.
The energy loss Q B according to the Bremsstrahlung is obtained by integrating the expression from zero to infinity with respect to the frequency.
(6)
These chemically reacting gas dynamic equations with strong source terms are solved using the semi-implicit Harten-Yee nonMUSCL modified flux-type TVD scheme, wherein the radiative energy transfer terms Q IB and Q B and the relaxation term Q T are treated implicitly.
Laser absorption model
In the presence of absorption, the local radiation intensity I(x, t) is governed by the following equation: (7) 3. Results and Discussion
Initial conditions
The initial conditions for the analyses are shown in Table 1 . Laser beam intensity Pressure of cool gas I 0 = 4.9-12.5MW/cm ２ 0.1atm-0.4atm Figure 2 shows the results of the propagation velocity of the LSD waves interpolated by cubic spline wavelets. The solid line indicates the result of Raizer's equation 11) , . Every plot point is located below the solid line, because the reduction in the kinetic energy due to ionization is not considered in the model. The horizontal axis , fixes the solid line in case the pressure changes. This shows that the increase in ionization in the LSD structure results in a departure from the Raizer's propagation velocity in totality. In the higher laser power case, however, the plotted line gets up close at once. Figure 3 shows the results of the ionization rate. The accelerations resulting from increasing both the singly and doubly ionization rates causes the velocities to depart from Raizer's solid line. On the other hand, in the case the singly ionization is saturated, the plotted line closes in to the solid line. This tendency is shown only for a multi-charged ionization model. 
Effects of incident laser power on LSD propagation
Raiser's velocity , respectively. When the initial gas pressure is p 0 = 0.2 atm, the LSC-LSD threshold exists for case (a). Although the peak pressure is weakened near the threshold as shown in Fig. 4 , the difference is only a few percentage points. On the other hand, the ionization delay length becomes remarkably enlarged in this condition, as shown in Figs. 5. The structure transformation has been identified by the experiment of the LSD to LSC transition 12) , by reducing the incident laser power.
As for the LSD propagation, x-t diagrams for the two cases are shown in Fig. 6 . The propagation velocities after generating the LSD waves are constant 5.23×10 3 m/s and 5.29 ×10 3 m/s in the case of (a) and (b), respectively. Figure 7 shows the propagation velocity in the threshold condition (a), compared with the trend line shown in Fig.2 . The velocity does not depart from the line. Therefore the macroscopic values are almost constant even near the threshold, considering also the results of the pressure as shown in Fig. 4 . Figure 8 shows the transition of the ionization delay length as a function of the laser intensity. The length is defined by the two intersection points of the axis and the two lines, which are tangent to the electronic and the atomic number density distributions. In this figure, the delay is remarkable only near the threshold condition. Therefore, the lengthened ionization delay is the most remarkable indicator of the LSC-LSD threshold condition. 
Conclusions
To study the transition from LSD to LSC propagation, 1-D analyses were performed by applying a multi-charged ionization model. The conclusions are as follows:
(i) It follows from analyzing the model that the transition of the energy loss by ionization is not negligible near the LSC-LSD threshold laser power. Therefore considering the multi-charged ionization processes are necessary to evaluate the propagation efficiency precisely.
(ii) The ionization delay increases in the proximity of the LSC-LSD threshold. Therefore the increased delay is the most remarkable indicator of the threshold, considering also the other obtained physical values. 
